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Introduction 51
As global climate change becomes more difficult to ignore, there is an urgent need to 52 understand how terrestrial ecosystems can be expected to respond to the changes they ecosystem responses to climate change and variability has lagged far behind our ability to 60 predict those responses using models. Environmental research infrastructure (RI) is required 61 at national, regional, continental and global scales to address important environmental 62 challenges such as the impacts of climate change, coral bleaching, biodiversity threats, 63 geohazards and extreme events. Establishing a coherent RI across a diverse range of 64 scientific disciplines and contributing networks is a vital challenge to solve, thus creating a 65 goal for developing cooperation amongst environmental RI organisations, government and 66 industry for the shared purpose of addressing global challenges. 67
The Terrestrial Ecosystem Research Network (TERN) is Australia's terrestrial ecosystem 68 observatory, providing environmental RI at three scales of observation (Table 1 and 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4 spatially distributed soil, environmental monitoring and remote sensing products at 76 continental spatial scales (Grundy et al., 2015; Mahoney et al., 2016) . TERN provides data 77 infrastructure and analytic services to integrate across the three scales of observation, 78 delivering open access to data publishing (Bissett et al., 2016; Medeiros and Katz, 2016 ; 79 , virtual computing facilities for data users (Guru et al., 2016) and analysis-80 code commercialisation (Isaac et al., 2017) . Internationally, environmental RI observatories 81 like TERN are joined together with international partners (e.g., the Strategic Collaboration 82
Council, ILTER, OzFlux, NASA, FLUXNET, NEON, CERN, SAEON, ICOS) to enable 83 research which addresses global challenges like that of ecosystem responses to climate 84 change and variability. 85
In this letter, we review research across TERN's scales of observation and through 86 TERN's international partners for addressing the global challenge of understanding and 87 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 predicting terrestrial ecosystem responses to climate change and extreme variability. 88
Characteristics of Australia's sclerophyllous flora point to the ancient development of fire in 89 shaping extensive open ecosystems (> 80 Mya; Carpenter et al., 2015) . Development of fire 90 has been associated with increasing aridity, for which the earliest evidence of arid-adapted 91 vegetation appeared more than 30 Mya (Martin, 2006) . Ecosystem responses to fire and 92 aridity will thus be reviewed first, followed by a review of ecosystem responses to Australia Collaborative Research Infrastructure Strategy (NCRIS) to meet several objectives: to foster 106 scientific interactions in the environmental sciences, to establish a national terrestrial site and 107 observing network, to facilitate access to high-quality environmental data, and to provide a 108 bridge between environmental science and policy (Thurgate et al., 2017) . TERN was 109 originally developed as a network of networks, some of which were established wholly 110 within TERN to fill gaps amongst existing networks (Thurgate et al., 2017) . This combined 111 approach of joining pre-existing and new networks across the environmental space was 112 Page 5 of 41  AUTHOR SUBMITTED MANUSCRIPT -ERL-106820.R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 through NASA SMAP cal/val; Jones et al., 2017) , by informing model parameterisation 123 (Haverd et al., 2013 ) and for evaluating model predictability (Haughton et al., 2018b) . With 124 endorsement from the TERN Advisory Board, TERN continues to foster increasingly close 125 integration across three scales of measurement through regular executive group meetings 126 Page 6 of 41  AUTHOR SUBMITTED MANUSCRIPT -ERL-106820.R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t (63%), whereas large weather events such as cyclones contribute very little to the long-term 179 net biome carbon budget . Burning is furthermore largely responsible for 180 greenhouse gas emissions from savannas and consequential greenhouse gas forcing of 181 climate (Bristow et al., 2016) , amongst a cascade of indirect feedbacks between climate and 182 ecosystems which are mediated through local atmospheric dynamics ( Fig. 2; Beringer et al., 183 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 Niña) generally bring contrasting conditions to Northern and Southern Hemispheres. El Niño 259 is associated with maritime wet conditions to the Northern Hemisphere and dry conditions 260 across the Southern Hemisphere, whereas La Niña is associated with reversed impacts on 261 precipitation and consequently ecosystems (Holmgren et al., 2001) . Data from TERN RI 262
have been used to demonstrate that Australia shows continental phenological responses to 263 ENSO-driven climate variability (Broich et al., 2015) and that litterfall in the tropical 264 rainforest of northeastern Australia is mainly driven by fluctuations in maximum 265 temperature, which are related to ENSO (Edwards et al., 2018) . 266
Although ENSO provides the dominant climate signal for global weather patterns, it is 267 becoming apparent that ENSO alone cannot fully explain differences in regional climate 268 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 were two restrictions on Australia's contribution to the land C sink anomaly. First, the 324 asymmetric response of photosynthetic productivity to precipitation is dependent upon 325 antecedent conditions, either amplifying or dampening their relationship (Sun et al., 2017a) . 326
The land C sink anomaly followed the driest and hottest year of the Millennium Drought, 327 thus antecedent water resources were at a minimum (van Dijk et al., 2013). Second, energy-328 limited ecosystems did not show a similar asymmetric response to extrinsic forcing by 329 precipitation and thus did not respond to climate forcing during the land C sink anomaly in 330 the same way that semi-arid ecosystems did ( Fig. 5; Haverd et al., 2017) . Thus, the 331 contribution of enhanced productivity in coastal, energy-limited ecosystems was expected to 332 be small, whereas Australia's vast drylands have a high capacity for enhanced productivity 333 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 17 drought (i.e., decline of water storage below the long-term mean; Fig. 6 ; Dai, 2011) . Even 359 during long-term drought, moderately wetter-than-average years can have a strong positive 360 effect on total water storage and productivity across Australia (Fig. 6) Australia has experienced much dryer, longer droughts during previous glacial maxima 369 (Martin, 2006) , and this long history of drought has conferred a level of adaptation in 370
Australia's vegetation. At the mesic end of the aridity gradient, the structure of tropical 371 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 18 rainforest trees is adapted to the maximum historical water deficit (Pfeifer et al., 2018) . In 372 the more arid-adapted Mallee, a multi-stemmed eucalypt which is also fire adapted, survival 373 of common dry periods is achieved by maintaining conservative (i.e., very small) rates of 374 transpiration . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 19 mechanisms are for European heatwaves (Perkins et al., 2015) . Drier-than-average 397 conditions in Australia's interior push hot, dry winds into southern Australia from The North 398 (Griebel et al., 2016) . One Australian example was the 2012/2013 'Angry Summer' 399 heatwave, which developed as drought across the interior of the continent, and an associated 400 high-pressure ridge pushed high temperatures into forests and woodlands of southern 401
Australia (Cleverly et al., 2016c; van Gorsel et al., 2016) . 402
Ecosystem functional responses to both phases of the 'Angry Summer' heatwave (dry 403 followed by wet) were evaluated using TERN's flux tower infrastructure at seven TERN 404 ecosystem processes sites across southern Australia (van Gorsel et al., 2016) . NEP and GPP 405 declined sharply during the heatwave in Mediterranean woodlands and dry sclerophyll 406 forests, although reductions were smaller during the wet phase than during the preceding dry 407 phase (Fig. 7) . By contrast, the wet sclerophyll forest at the Tumbarumba SuperSite 408 maintained NEP and GPP at constant levels as before the heatwave, with evaporative cooling 409 ameliorating the heatwave and weakening land-atmosphere feedbacks ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 21 such as for island cloud forests where decreasing precipitation and cloud cover have been 428 observed (Auld and Leishman, 2015). Furthermore, refugia can show a tipping point, 429
described as a point in a spatial climate gradient at which ecosystem composition turns over 430 rapidly ( Fig. 8; Guerin et al., 2013; Caddy-Retalic et al., 2017) . Tipping points occur at 431 locations along an environmental climate gradient where both the species composition of 432 both generalists and specialists changes (Fig. 8) . Such a transition zone would exist at the 433 boundary of a climate refugium, where a turnover of multiple species occurs over a short 434 distance (Fig. 8) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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Thus far, we have discussed how adaptation, such as adaptation to aridity, can play an 442 important role in protecting biodiversity from climate extremes, but considerations of 443 adaptation and adaptability are also important for biodiversity conservation in a changing 444 climate. Care must be taken, however, to avoid deprioritising refugia which are low in 445 diversity and thereby less adapted to areas outside of their refugium (Costion et al., 2015) . 446
Otherwise, several conservation approaches are available for promoting diversity and 447 adaptability to climate change, including 448 climate-adjusted provenancing (Fig. 9) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 24 increased carbon sequestration in vegetation, although the magnitude of the fertilisation 492 effect will depend strongly upon changes in fire return interval and seasonality (Scheiter et 493 al., 2015) . Increasing aridity and elevated [CO 2 ] are likely to affect vegetation dynamics of 494 tropical savannas, which will alter fire regimes and provide further carbon feedbacks to 495 climate ( Fig. 2; Beringer et al., 2015) . 496
Final remarks 497
There is an urgent need for environmental information from RI in remote Australian 498 landscapes, which would provide important outcomes and impact related to environmental 499 reporting and fostering research in the framework of global challenges (van Dijk et al., 2014) . 500
The risks of climate change as well as opportunities for conservation are emerging from this 501 work, although there is still much to discover. Environmental RIs create the opportunity for 502 identifying and evaluating the key drivers of ecosystem change by allowing researchers to 503 observe state-changing events such as heatwaves, floods or droughts in locations which might 504 be otherwise inaccessible. These are the first steps toward the development of an 505 environmental forecasting system which can answer the global challenge of predicting 506 ecosystem responses to climate change. 507
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